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Edited by Ned ManteiAbstract Chronic ethanol exposure increases the density of N-
type calcium channels in brain. We report that ethanol increases
levels of mRNA for a splice variant of the N channel speciﬁc sub-
unit a12.2 that lacks exon 31a. Whole cell recordings demon-
strated an increase in N-type current with a faster activation
rate and a shift in activation to more negative potentials after
chronic alcohol exposure, consistent with increased abundance
of channels containing this variant. These results identify a novel
mechanism whereby chronic ethanol exposure can increase neu-
ronal excitability by altering levels of channel splice variants.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Conotoxin1. Introduction
Voltage-gated calcium channels permit calcium entry into
cells in response to changes in membrane potential, thereby
regulating several calcium-dependent processes such as neuro-
transmitter release, gene expression, diﬀerentiation, and ion
channel function [1,2]. Calcium channels are multimeric com-
plexes of at least three subunits (a1, a2d, and b) with diversity
within a1 subunits being the major feature that distinguishes
diﬀerent channel classes. Ten a1 genes identiﬁed in mammals
comprise three subgroups: a11.1–1.4 (dihydropyridine (DHP)
sensitive L-type), a12.1–2.3 (DHP insensitive, peptide toxin
sensitive, P/Q-, N- and R-types), and a13.1–3.3 (DHP and tox-
in insensitive T-type) [3].
Alternate splicing generates several variants of the N-type
speciﬁc a12.2 gene, the best studied of which are three gen-
erated by exon skipping that modify channel function [4].
a12.2 contains four homologous repeats (I–IV), each consist-
ing of six transmembrane segments (S1–S6). There is a 21Abbreviations: DHP, dihydropyridine; RPA, ribonuclease protection
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repeats II and III that is encoded by exon 18a, and when
present, shifts the voltage-dependence of inactivation to-
wards more depolarized potentials [5]. The tetrapeptide
SFMG in IVS3-4 is encoded by exon 24a and when present
shifts the voltage dependence of activation by about 2 mV to
more positive potentials [6]. The dipeptide Glu-Thr (ET) in
IVS3-4 linker is encoded by exon 31a, and when present
slows the rate of channel opening and shifts the voltage
dependence of channel activation by 6 mV to more depo-
larized voltages [6,7].
Chronic exposure to ethanol increases the abundance of
N-type channels in PC12 cells and in mouse frontal cortex
and hippocampus [8]. Here, we investigated whether ethanol
alters levels of N-type channel speciﬁc a12.2 mRNA. We
found that chronic ethanol treatment of PC12 cells increased
the abundance of mRNA for variants lacking ET in the
IVS3-4 linker while decreasing the abundance of mRNA
encoding ET-containing variants. This was associated with
altered channel kinetics resembling those of a12.2 subunits
lacking ET expressed in Xenopus oocytes [6,7]. Our results
indicate a novel mechanism by which ethanol regulates
channel function through altering the abundance of splice
variants.2. Materials and methods
2.1. Cell culture
PC12 cells (J. Wagner, Cornell University) were cultured in Dul-
beccos modiﬁed Eagles medium with 5% fetal calf serum, 10% horse
serum, 50 units/ml penicillin, 50 lg/ml streptomycin and 2 mM gluta-
mine. Ethanol (150 mM) treatment was performed in tightly capped
ﬂasks with medium changed daily [8,9].
2.2. Riboprobe generation
Full-length rat a1B-a and a1B-c cDNAs (gifts from D. Lipscombe,
Brown University) were used as templates to generate probes for ET
and SFMG splice variants. For ET probes, primers were constructed
from rat a1B-a (GenBank Accession No.: AF055477) to ﬂank the
sequence GAAACG encoding ET: HW32 (5 0-CCGGAATTCC-
GGAGTATAAGACATG-3 0) upstream with a EcoRI site incorpo-
rated and HW33 (3 0-CGCGGATCCGCGATGAAGAACAGC-5 0)
downstream with a BamHI site incorporated. For SFMG probes,
primers were constructed from rat a1B-c (GenBank Accession No.
M92905) to ﬂank the sequence GAGCTTCATGGA encoding SFMG:
HW30 (5 0-CCGGAATTCCGGGATTCTTGTGGTC-3 0) upstream
with a EcoRI site incorporated and HW36 (3 0-CGGGGYA-
CCCCGACATTCTTCAGAG-5 0) downstream with a KpnI site
incorporated.blished by Elsevier B.V. All rights reserved.
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ter City, CA), 0.5 mM dNTP mix, 2.5 units Amplitaq (Perkin Elmer),
and 100 pmol of each primer pair. PCR conditions were 94 C for
4 min, 55 C for 45 s and 72 C for 2 min, then 30 cycles of 94 C for
1 min, 55 C for 45 s and 72 C for 2 min, followed by 55 C for 45 s
and 72 C for 10 min. PCR products were digested with the appropri-
ate restriction enzymes and separated on a 1.2% agarose gel. The resul-
tant fragments were excised and gel puriﬁed using a QIAEX II Gel
Extraction kit (Qiagen, Chatsworth, CA). Puriﬁed fragments were sub-
cloned into pGEM3Zf(+) (Promega, Madison, WI) and positive colo-
nies sequenced. A HindIII-linearized plasmid was used as a template
with T3 RNA polymerase to generate [a-32P]CTP-labeled (Amersham
Biosciences, Piscataway, NJ) 582 bpcRNA probes.2.3. Ribonuclease protection assay (RPA)
RPA was used to assay ET and SFMG as the small size diﬀerences
between these splice variants preclude the use of real-time PCR. RNA
was extracted from PC12 cells using RNA STAT-60 (Tel-Test,
Friendswood, TX). RPA was performed using total RNA (20 lg) dis-
solved in 30 ll of hybridization solution containing 60000 cpm of a
32P-labeled calcium channel subunit cRNA probe and 10000 cpm of
a 32P-labeled GAPDH cRNA probe as described previously [10].
The intensity of a12.2 bands was quantiﬁed by phosphorimaging and
normalized to GAPDH.2.4. Real-time RT-PCR of exon 18a containing splice variants
RNA was reverse transcribed using the Ambion Retroscript kit.
Taqman real-time RT-PCR was used to quantify transcripts contain-
ing (+21) or lacking (D21) exon 18a. Primer and probe sequences were:
+21 forward primer: CTGTATCTCGCAGCTCATCTGTCT, +21 re-
verse primer: AGCGCGCCTTGGCC, +21 Taqman probe: AGCG-
TAAACTCACCCAGGCAGCAGAAC. D21 forward primer:
GAGTTCTGCTGCCTGGCA, D21 reverse primer: GCCAAA-
GAAGTAGCTGAAGTCA, D21 Taqman probe: AATGGA-
GATGGCAGCAGACATGG, b-actin forward primer:
CGTGAAAAGATGACCCAGATCA, b-actin reverse primer: CAC-
AGCCTGGATGGCTACGT, rat b-actin Taqman probe: TTTGA-
GACCTTCAACACCCCAGCCA. Exon 18a probes were 5 0 labeled
with the reporter dye FAM. The b-actin probe was 5 0 labeled with
the reporter dye VIC. All probes were 3 0 labeled with the quencher
TAMRA. Primers and probes were synthesized by Applied Biosystems
(Foster City, CA). PCR conditions were for +21: 95 C for 10 min, fol-
lowed by 40 cycles of 50 C for 60 s, 95 C for 15 s. Conditions for D21
and b-actin were identical except that the 50 C step changed to 53 C
(D21) or 58 C (b-actin). Reactions were carried out using the Taqman
Universal Master Mix (Applied Biosystems). Sequences were target-
speciﬁc by BLAST search.
To ensure that performance of the +21 primers and probe was not
impaired by the presence of D21 sequence (and vice versa), control
fragments were generated by PCR using the following primers: For-
ward CATTGCTGTGGACAACCTTGC (=JD 2825), reverse
CCATGTGTGTCTTCATGTCTGGC (=JD 2826), using full length
a1B-a (+21) or a1B-a + 21 (D21; GenBank Accession No.: AF222337;
from D. Lipscombe, Brown University) under the following condi-
tions: 94 C for 1 min, 25 cycles of 58 C for 45 s, 72 C for 120 s,
and 94 C for 60 s, followed by a ﬁnal 58 C for 45 s and 72 C for
10 min. This generated fragments for +21 (324 bp) and D21 (261
bp), respectively, which were gel-puriﬁed using the QiaQuick Gel
Extraction Kit. To demonstrate speciﬁcity, increasing concentrations
(0.4–8 pg) of one fragment were added to a reaction mixture contain-
ing 8 pg of the other fragment and each +21 or D21 primer and probe
set. Neither reaction was inhibited by the fragment corresponding to
the alternate splice variant: Primers for +21 ampliﬁed only the +21
control fragment. Primers for D21 very weakly ampliﬁed the +21 con-
trol fragment (CT = 15.32 for D21 fragment and CT = 29.82 for +21
fragment).
Analysis was carried out using standard curves for +21, D21 and b-
actin generated from a dilution series of a random PC12 cDNA sam-
ple. These curves were used to calculate the amount, in arbitrary units,
of each mRNA species in each cDNA sample. The amount of +/D21
was then divided by the amount of b-actin to give the relative expres-
sion level. b-Actin mRNA is unaﬀected by chronic ethanol exposure in
neuronal tissues [11–13]. Data for each treatment day were expressed
relative to day 0. Three sets of RNA were analyzed for each time point.2.4.1. Electrophysiology. Studies were performed using the nysta-
tin perforated patch technique with a Dagan 8900 patch clamp ampli-
ﬁer. Current signals were ﬁltered at 3 kHz. Experimental protocols
were controlled using pClamp software (Axon Instruments, Union
City, CA). Electrodes were coated with Sylgard to reduce pipette
capacitance and ﬁre polished just before recording to a resistance of
4–6 MX. The patch pipette solution consisted of (in mM) 135 CsCl,
10 CaCl2, 1.2 MgCl2, 25 HEPES, and 10 glucose in the tip. The elec-
trode was backﬁlled with the same solution, to which 200 lg/ml nysta-
tin was added. After formation of a gigaseal, the series resistance was
monitored to evaluate when perforation was complete and stable. For
the recording of Ba2+ currents, the cells were perfused with a solution
containing (in mM): 75 TEA–Cl, 20 NaCl, 20 BaCl2, 5 KCl, 0.5 CaCl2,
1.2 MgCl2, 25 HEPES, 10 glucose, 0.001 tetrodotoxin citrate (Research
Biochemicals International, Natick, MA), and 0.005 nifedipine (Sigma,
St. Louis, MO). x-Conotoxin MVIIA (Sigma) was prepared as a 100-
lM stock in H2O containing 0.01% acetic acid. An inverted Olympus
IX70 microscope equipped with an oil immersion 40· objective lens
was used to observe cells loaded on glass coverslips (22 · 22 mm No.
1) coated with poly-ornithine and laminin attached to a chamber with
a bath volume of approximately 50 ll (Warner Instrument Corp.,
Hamden, CT). Solutions were gravity fed from syringes through an
automated snap valve system (Automate Scientiﬁc, Oakland, CA) into
a micro-manifold with a single output into the chamber. The bath was
constantly perfused at a rate of 1 ml/min, providing rapid exchange of
the bath solution.3. Results
3.1. Chronic ethanol exposure increases the abundance of
speciﬁc a12.2 splice variants
Exposure to 150 mM ethanol for 1–6 days increased the
abundance of the variant lacking exon 31a (DET) and de-
creased the abundance of the ET-containing variant (Figs.
1A and B). Two factor ANOVA revealed eﬀects of splice var-
iant type [F(1,28) = 255.8, P < 0.0001] and day of treatment
[F(6,28) = 5.55, P = 0.0007] with an interaction between these
factors [F(6,28) = 10.43, P < 0.0001]. As shown in Fig. 1C, in-
creases in DET were associated with more than a twofold in-
crease in the relative proportion of DET to ET forms
[F(6,14) = 4.21, P = 0.0125]. In contrast, ethanol exposure in-
creased the abundance of both SFMG splice variants (Fig.
1A and D). Two factor ANOVA showed a main eﬀect of treat-
ment day [F(6,28)=7.19, P < 0.0001] but not of variant type
[F(1,28) = 0.05, P = 0.83] and there was no interaction between
these factors [F(6,28) = 0.18, P = 0.98]. Chronic ethanol also
increased both exon 18a (±21) splice variants (Fig. 1E).
Two-way ANOVA revealed a main eﬀect of treatment day
[F(6,28) = 8.74, P < 0.001] and also of splice variant type
[F(1,28) = 16.71, P < 0.001] but there was no signiﬁcant inter-
action between these factors [F(6,28) = 0.87, P = 0.53].3.2. Chronic ethanol exposure alters kinetics and increases the
density of N-type currents
When expressed in Xenopus oocytes, recombinant channels
lacking ET have faster rates of activation when compared with
channels that contain ET [6]. Therefore, we predicted that
chronic ethanol exposure would increase the rate of channel
activation by increasing the relative abundance of channels
lacking ET. Nifedipine (5 lM) was used to block L-type chan-
nels. We focused on the ﬁrst 20 ms of the voltage step, where
the kinetics could be ﬁt by a ﬁrst order exponential. Currents
in cells treated with 150 mM ethanol for 6 days activated faster
than in control cells, as seen in the averaged macroscopic cur-
rent (Fig. 2B). The time constant (ﬁrst order exponential ﬁt for
Fig. 1. Chronic ethanol exposure increases the abundance of speciﬁc a12.2 splice variants. (A) Representative RPA of samples from PC12 cells
treated 0–6 days with 150 mM ethanol. Signals corresponding to the fully protected probes for ET, SFMG, and GAPDH appear at the top of the gel,
whereas two shorter bands corresponding cleaved probes for RNA species lacking ET (DET) or SFMG (DSFMG) appear in the lower portions. (B)
Abundance of ET and DET is shown relative to levels in controls treated without ethanol. \P < 0.05 compared with ET and P < 0.05 compared with
day 0 (Bonferroni tests). (C) The relative abundance of DET compared with the ET variant over time. \P < 0.05 compared with day 0 by Dunnetts
test. (D) Abundance of SFMG and DSFMG variants relative to control cells treated without ethanol. (E) Relative abundance of mRNA encoding
variants containing (+21) or excluding (D21) exon 18a after exposure to 150 mM ethanol. \P < 0.05 compared with day 0 within each variant and
P < 0.05 compared with +21 on the same day (Bonferroni tests).
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(1.59 ± 0.09 ms) was less (P = 0.007) than for control cells
(2.17 ± 0.06 ms). To eliminate a contribution from other types
of voltage-gated calcium channels, we measured currents in thepresence of nifedipine + x-conotoxin MVIIA (800 nM) and
subtracted these results from currents obtained in the presence
of nifedipine alone (Fig. 2C, inset), yielding an uncontami-
nated N-type current (Fig. 2C). Currents measured in the
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activation rates in ethanol-treated (s1/2 = 1.81±0.28) and con-
trol cells (s1/2 = 1.55±0.26; P = 0.26, one-tailed t test). How-
ever, the activation rate for the subtracted N-type current
was increased in ethanol-treated cells (s1/2 = 1.78±0.46) com-
pared with control cells (s1/2 = 3.12±0.57; P = 0.0492, one-
tailed t test). These results conﬁrm that an increase in the rate
of activation of the N-type current accounted for the acceler-
ated activation kinetics of nifedipine-resistant current follow-
ing chronic ethanol exposure.
The mean amplitude of the current blocked by x-cono-
toxin MVIIA (Fig. 2C) was signiﬁcantly greater (P = 0.038,
two-tailed t test) in cells treated with ethanol for 6 days
(n = 5) when compared to untreated control cells (n = 5).
The mean two-dimensional surface area of PC12 cells was
not signiﬁcantly diﬀerent (P = 0.48) between control
(n = 34) and ethanol treated (n = 33) cells (Fig. 2D). Thus,
chronic ethanol treatment increased the density of N-type
currents.
Using recombinant channels expressed in Xenopus oocytes,
Lin and colleagues [6] compared voltages at the midpoints of
the rising phase of peak current–voltage plots (V1/2) and found
that these values were 6 mV more negative for channels lack-
ing ET compared with channels containing ET. Therefore, we
investigated whether chronic ethanol exposure shifted the volt-
age dependence of channel activation to more negative poten-
tials. We found that currents activated at more negative test
potentials following ethanol treatment, with V1/2 6 mV lower
in ethanol-treated cells when compared to control cells (Fig.
3A). This shift in the current–voltage relationship was absentFig. 2. Increased N-type current density and altered kinetics following ch
nifedipine during a 50 ms depolarizing step from 75 mV to +15 mV in eith
(n = 11). (B) N-type current isolated by subtraction from representative contr
type currents. (C) Mean amplitude of the current blocked by x-conotoxin. (when N-type current was eliminated by treatment with x-
conotoxin MVIIA (Fig. 3B).4. Discussion
In this study, we found that chronic exposure to ethanol in-
creased the abundance of a12.2 mRNA that lacks the dipeptide
sequence ET encoded by exon 31a, while decreasing the abun-
dance of ET-containing transcripts, suggesting that ethanol
can modulate alternative splicing. These changes in mRNA
were associated with kinetic changes consistent with increased
relative abundance of a12.2 subunits that lack ET [6,7]. Since
ET-containing variants are expressed primarily in the peripheral
nervous system, such a shift in ET variant expressionmight con-
tribute to increases in sympathetic nervous system activity and
increased levels of circulating catecholamines associated with
withdrawal from alcohol [14]. Alternatively, chronic ethanol
exposure may increase the dominant splice variant type in the
CNS (D  ET), contributing to increased central neurotrans-
mitter release during ethanol withdrawal [15,16]. The eﬀects ob-
served here may also contribute to the increase in total N-type
calcium channel density seen in the frontal cortex and hippo-
campus of mice following chronic ethanol exposure [8].
Chronic exposure of neuronal cells to ethanol increases the
abundance of mRNA for several other genes, including the
heat shock protein HSC70 [17], the glucose regulated proteins
GRP78 and GRP94 [18], dopamine b-hydroxylase [19,20], glial
ﬁbrillary acidic protein [20], the a2 adrenergic receptor [21] and
the delta opioid receptor [22]. In none of these studies wereronic ethanol treatment. (A) Ba2+ currents in the presence of 5 lM
er control cells (n = 9) or cells treated with 150 mM ethanol for 6 days
ol and ethanol-treated cells. Inset shows traces used to compute the N-
D) Mean two-dimensional surface area of PC12 cells.
Fig. 3. Voltage dependence of N-type channel activation after chronic ethanol exposure. (A) Averaged current–voltage plot, normalized using the
minimum of the Gaussian ﬁt, showing a diﬀerence in the voltage-dependence of channel activation between control (n = 9) and ethanol treated
(n = 11) cells (Vh = 75 lV). (B) Averaged current–voltage plot shows no diﬀerence in the voltage-dependence of channel activation between control
(n = 6) and ethanol treated (n = 6) cells when N-type channels are blocked by 800 nM x-conotoxin MVIIA (Vh = 75 mV).
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ment decreases mRNA and protein levels of exon-5 containing
splice variants of the NR1 subunit of the NMDA receptor, but
it is not known if this alters receptor function [23]. We recently
demonstrated that chronic exposure of PC12 cells to ethanol
produces a 65% increase in the abundance of the calcium
channel b1b subunit [24]. Stea et al. [25] showed that, in trans-
fected cell lines, the b1b subunit enhances the activation kinet-
ics and produces a negative shift in the voltage dependence of
activation of DET-containing a12.2 subunits when compared
with DET alone. These data suggest that the electrophysiolog-
ical changes we observed here may be due not only to increases
in DET but also to synergistic increases in the abundance of
b1b. In the same study, we also observed an increase in abun-
dance of a speciﬁc splice variant of the L-type channel subunit
a11.2 [24]. However, no functional change could be ascribed to
this variant. In contrast, in the present study, we found that the
increase in DET variants of a12.2 in ethanol-treated cells may
be functionally signiﬁcant. Our ﬁndings indicate a novel mech-
anism whereby ethanol can alter protein function through
changes in the abundance of alternative splice variants. Fur-
ther work is necessary to determine whether ethanol regulates
spliceosome function or modulates the stability and transport
of speciﬁc mRNA species.
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